The genetic factors contributing to complex trait variation may reside in regulatory, rather than protein-coding portions of the genome. Within noncoding regions, SNPs in regulatory elements are more likely to contribute to phenotypic variation than those in nonregulatory regions. Thus, it is important to be able to identify and annotate noncoding regulatory elements. DNA conservation among diverged species successfully identifies noncoding regulatory regions. However, because rapidly evolving regulatory regions will not generally be conserved across species, these will not detected by using purely conservation-based methods. Here we describe additional approaches that can be used to identify putative regulatory elements via signatures of nonneutral evolution. 
A major goal of modern biological research is to understand the relationship between genotype and phenotype. The search for genetic variation contributing to differences among individuals is exemplified by association studies that aim to identify those segregating genetic polymorphisms that confer risk to common polygenic, or complex diseases in humans (1) . Association mapping involves genotyping a dense set of SNPs in a large population of individuals, and asking whether there is evidence of an association between the genotype at each SNP and the phenotype. A significant association suggests that the genotyped SNP is either itself responsible for conferring disease risk or strongly correlated, i.e., is in linkage disequilibrium, with the causal site. We refer to SNPs contributing to phenotypic variation as functional SNPs (fSNPs).
The human genome harbors 4.6-7.1 million common SNPs (minor allele frequency above 5%; refs. 2 and 3), with the vast majority presumed to be nonfunctional. Unfortunately, it is not yet cost-effective to exhaustively test every SNP for an association with a disease phenotype. Despite a great deal of academic and private research, genotyping technology remains unable to efficiently genotype millions of SNPs in thousands of individuals at reasonable cost (4) . Thus, some intelligent way of reducing the genotyping effort is needed.
One such method, the HapMap project (5), seeks to take advantage of the level of linkage disequilibrium (LD) across the genome and choose a subset of SNPs to genotype that explain the majority of haplotype information. This approach is favored for humans, with the recent suggestion that the genome exhibits a block-like LD structure (6) (7) (8) . Under the HapMap plan, between 200,000 and 1 million SNPs need to be genotyped to achieve complete genome coverage (7) (8) (9) (10) . However, this plan is critically dependent on the degree to which available SNPs capture human haplotype diversity, which is hotly debated (9, 11) , and on the reliability of the block definitions across different populations, which is also unclear (8) . Perhaps a more fundamental difficulty with this methodology is that haplotypes do not cause disease. Finding an association to a haplotype block is not an endpoint, it merely delimits the search, and further genotyping is required to finally identify the causal mutation.
An alternative strategy to reduce total genotyping effort is to genotype the subset of SNPs most likely to contribute to the examined phenotype. In a seminal paper, Risch and Merikangas (12) showed that association studies for complex traits have higher power than linkage mapping approaches, and the paper is widely cited as supporting the use of association mapping. However, an important aspect of the theoretical treatment put forward by Risch and Merikangas (12) is often overlooked: the actual disease-causing site must be one of the sites genotyped. The power of association studies is greatly reduced if the causative site is not among those genotyped (13, 14) .
Based on data acquired from analyses of Mendelian diseases, Botstein and Risch (15) have suggested that causal polymorphisms may generally be coding, which immediately suggests a strategy for selecting putatively disease-causing SNPs on which to focus: identify and genotype all SNPs in coding regions. This approach would ensure a large reduction in total genotyping effort, and provided complex traits are somewhat similar to Mendelian traits in their genetic architecture is likely to uncover some fraction of phenotypically relevant genetic variation. Nevertheless, some clear examples of genetic factors underlying complex trait variation suggest that the responsible polymorphisms may reside in regulatory regions (16) (17) (18) . The strategy suggested by Botstein and Risch (15) will be undermined if variation in complex traits is generally determined by regulatory genetic variants.
Methods that allow us to identify functional noncoding regulatory domains, such as promoters or enhancers capable of modulating spatial and temporal gene expression, would enable SNPs to be classified based on their position relative to these domains. Genotyping only those SNPs present within regulatory domains would allow for a reduction in the total genotyping effort in association studies. Such a strategy is simple in principal, but it is a major challenge to sift through the ocean of noncoding DNA to find those polymorphisms that are truly cis-regulatory in function. In Drosophila melanogaster, the amount of noncoding DNA is 95.9 megabases (Mb), or Ϸ80% of the euchromatic genome (19) . In humans, the disparity between coding and noncoding DNA is more extreme, with 2,817 Mb of noncoding DNA representing 98.8% of the genome (20) . It is possible that statistical tests coopted from the fields of population genetics and molecular evolution can be adapted to identify regulatory regions of the noncoding genome: if a region can be shown to have evolved in a nonneutral manner, presumably there are functional elements buried in these regions. Statistical tests are available to explicitly test for evidence of selection in coding regions (e.g., refs. 21 and 22), but these tests cannot be applied to noncoding DNA because they rely on the ability to parse the sequence into synonymous and nonsynonymous sites.
Here we examine several statistics that can be applied to noncoding DNA to detect regions of sequence subject to the action of past natural selection: conservation between phylogenetically diverged species, the ratio of polymorphism to divergence between sibling species, the polymorphism frequency spectrum, and the level of population structure. We explore graphical sliding window presentations (23) of these statistics, because our goal is to suggest regions likely to harbor fSNPs rather than to apply rigorous statistical tests. Such graphical, sliding-window tests are also more easily generalized to genomescale data. Compared to SNPs in regions that do not show evidence for past natural selection, those in regions showing departures from neutral expectation are stronger candidates for fSNPs. Because nonneutrally evolving regions are likely to be enriched for fSNPs, a reduction in genotyping effort could be achieved in association studies by preferentially genotyping SNPs from nonneutrally evolving regions.
We select 26 Ϸ1-kb fragments of primarily noncoding DNA near known genes distributed across the D. melanogaster genome. We examine the rate at which the various proposed tools are capable of ''tagging'' potential regulatory elements in these regions, and also determine the degree to which the statistics tag the same or different areas as nonneutrally evolving. Because we chose the noncoding regions for this study randomly with respect to cis-regulatory annotation, the rate at which we tag potential regulatory elements is likely typical of the genome as a whole. The tests we propose could be applied to any noncoding sequence. Proving that tagged regions are cis-regulatory elements harboring fSNPs is a more difficult problem that remains to be addressed.
Materials and Methods
Sequenced Regions. We chose 26 loci distributed evenly with respect to genetic location along the five major chromosome arms of D. melanogaster (Table 1) . These loci fall into three categories: those known to interact with the Notch signaling pathway (seven genes), those thought to affect development of the peripheral nervous system or that have been shown to have quantitative effects on bristle number (16 genes), and finally Gene position is the chromosome arm on which the gene resides, followed by its genetic position. Amplicon position is the distance between the midpoint of the amplicon and the gene start codon in bp (Ϫ, base pair is upstream of the start codon; ϩ, base pair is downstream). Functional categories were determined by using the Gene Ontology (www.geneontology.org) unless references are provided. Notch, these genes functionally interact with the Notch signaling pathway (Gene Ontology terms GO:0007219, GO:0030179, and GO:0005112); PNS, these genes are involved in peripheral nervous system and sensory organ development, or bristle morphogenesis (GO:0007422, GO:0007423, and GO:0008407). -indicates that genes are unlikely to have any involvement in neurogenesis.
three genes selected to ensure coverage of the genome. Primers were developed for an Ϸ1-kb amplicon at each locus using Primer3 (http:͞͞frodo.wi.mit.edu͞cgi-bin͞primer3͞primer3 www.cgi; sequences are provided in Table 2 , which is published as supporting information on the PNAS web site). None of the developed amplicons appear to encompass known regulatory elements. Fig. 1 highlights the annotated regions sequenced for each amplicon (taken from Release 4.0 of the D. melanogaster genome sequence), Table 1 documents the position of the amplicon relative to the start codon of the gene, and Fig. 3 , which is published as supporting information on the PNAS web site, details the exact positions of the amplicons relative to the structure of the loci. In addition, for each amplicon, we sequenced eight strains from a single population. For the X-and third-chromosome amplicons, we sequenced eight chromosomal extraction strains, where the natural alleles were derived from Napa Valley, CA, whereas for amplicons on the second chromosome, we sequenced eight inbred lines derived from North Carolina (kindly provided by C. H. Langley, Center for Population Biology, University of California, Davis).
Outgroup Sequences. Using shotgun sequencing assemblies provided by the Genome Sequencing Center, Washington University Medical School (http:͞͞genome.wustl.edu͞projects͞ simulans), we obtained the homologous region in Drosophila simulans from one of the strains, sim4, sim6 or w501 with BLASTN, for each amplicon. We used a similar procedure to identify the homologous region for each amplicon from the Drosophila pseudoobscura genome assembly (release 1.03), taken as a 4-kb window centered on the position of the best BLASTN hit. Details of the regions extracted from these outgroup species are provided in Table 3 , which is published as supporting information on the PNAS web site.
Sequence and Population Genetics Analyses. Sequence traces for each D. melanogaster strain͞amplicon combination were assembled by using SEQMANII (version 5.01, DNASTAR), and for each amplicon, the D. melanogaster and D. simulans sequences were manually aligned by using BIOEDIT (www.mbio.ncsu.edu͞ BioEdit͞bioedit.html). All D. melanogaster sequences were deposited in the GenBank database (accession nos. AY863438-AY864021). After alignment, each amplicon was represented by at least six within-population D. melanogaster lines, and at least 13 worldwide D. melanogaster lines. Missing sequences were due largely to repeated PCR failures, but were also due to ambiguous sequence reads caused by heterozygous insertion͞deletion polymorphisms that remained in some of the worldwide and North Carolina lines despite inbreeding. Twelve of the 26 amplicons showed between one and four sequences harboring at least one heterozygous nucleotide, and before analysis, on a per amplicon basis, each heterozygous sequence was arbitrarily split into a pair of pseudohaplotypes. This split is justified because PCR was performed on DNA extracted from single males, so the heterozygous sequence reflects the presence of two alleles. None of the diversity measures we estimate are affected by the phase of the polymorphism data.
Using a sliding window approach with a window size of 250 bp, stepping through each sequence alignment in 1-bp increments, we estimated (i) nucleotide diversity () across the D. melanogaster sequences, (ii) divergence (K) between D. melanogaster and D. simulans, (iii) Tajima's D (30) , which provides a measure of the polymorphism frequency spectrum, (iv) w estimated from the alleles obtained from the single D. melanogaster population (either Napa Valley or North Carolina), and (v) b estimated from the worldwide D. melanogaster samples. A comparison of w and b serves as a proxy for population structure in that differences between within-and among-population nucleotide diversity can be assessed. Sites segregating for more than two alleles were ignored for all calculations, with window size kept constant with respect to the remaining informative sites. Missing data and gaps were treated as a reduction in the sample size, and values were weighted accordingly. All analyses were performed by using custom scripts in the statistical programming language R (www.r-project.org).
Finally, we extracted the consensus sequence for each D. melanogaster alignment and used a sliding-window approach to BLAST 31-bp sections against the homologous region of the D. pseudoobscura genome, stepping through the consensus sequence in 1-bp increments. For each D. melanogaster query sequence, we recorded the position, orientation, and score of the Table 1 highest BLAST hit in D. pseudoobscura, and considered only hits with a score Ͼ45 in further analyses.
Results
We sequenced 26 Ϸ1-kb amplicons in D. melanogaster, primarily from noncoding regions in or near genes involved in peripheral nervous system development and͞or regulation of Notch signaling. For each amplicon, we also identified the homologous region from the closely related D. simulans species, and from D. pseudoobscura, which is thought to have diverged from D. melanogaster Ϸ25 million years ago (31) . The degree to which studied amplicons harbor cis-regulatory elements is unknown. These data allowed us to examine a set of sequence attributes across each of the amplicons to examine for regions exhibiting nonneutral evolution: (i) the level of sequence conservation between D. melanogaster and D. pseudoobscura, (ii) the amount of nucleotide polymorphism within D. melanogaster relative to the level of divergence between D. melanogaster and its sibling species D. simulans, (iii) the polymorphism frequency spectrum in D. melanogaster, and (iv) the amount of population structure within D. melanogaster, by comparing the nucleotide diversity within a single D. melanogaster population to the diversity observed in a worldwide panel. Because the footprint of selection may be small, a sliding-window framework is likely to be more informative than examining the average values of the statistics for each amplicon (see Table 4 , which is published as supporting information on the PNAS web site). Fig. 2 shows the sliding-window analyses for six selected amplicons, and Fig. 4 , which is published as supporting information on the PNAS web site, presents analyses for all amplicons. Below we document those sequenced noncoding regions that have patterns in the slidingwindow plots suggesting deviation from neutral expectation, and also note the number of SNPs present within such regions.
Deep Sequence Conservation. Random neutral mutation will tend to erode similarity between neutrally evolving sequences in independent lineages. Thus, conservation of DNA sequence across taxa diverged by many millions of years is taken as evidence of function, as such regions are presumed to be subject to negative, or purifying selection to preserve sequence. This has become a guiding principle in the detection of functional noncoding DNA (32) (33) (34) (35) .
Nine of the 26 amplicons show no fine-scale conservation using our BLAST approach [Bx, da (Fig. 2B) , dsh, mam, sca (Fig. 2E) , sd, sm, ttk, and vn], 10 show low conservation [Brd, cato (Fig. 2 A) , dpn, dx, fred, H, neur, numb, pnt (Fig. 2C) , and spen; defined as showing three or fewer short (Ͻ60-bp) stretches of conservation], and 7 show high conservation [Act88F, ct, Dll, emc, qm (Fig. 2D) , Ser (Fig.  2F) , and wg]. In two of the amplicons with high conservation, qm (Fig. 2D) and emc, the regions of conservation map to known exons. Overall, of the 24.2 kb of sequenced noncoding DNA in D. melanogaster, 2.1 kb (8.6%) is highly conserved between D. melanogaster and D. pseudoobscura, suggesting that it may have regulatory significance. There are 408 common (Ͼ5% minor allele frequency) biallelic SNPs in the 24.2 kb of noncoding sequence, and 14 (3.4%) are present within the detected conserved regions.
Our BLAST approach reveals that D. melanogaster and D. pseudoobscura do not appear to differ by any conserved microinversions, as all strong BLAST hits are between subsequences in the same orientation, or by any conserved local rearrangements, because none of the hit lines cross. This finding is in accordance with previous results at the Enhancer of split locus (36) . However, we did observe at least three cases where there appears to have been a large insertion͞deletion in one of the two genomes [Act88F, ct, and pnt (Fig. 2C) ].
Patterns of Neutral Evolution. For the remaining analyses not involving D. pseudoobscura, sliding-window plots for 13 amplicons show no noticeable departure from the pattern of diversity predicted by neutral theory [Brd, Bx, ct, Dll, dpn, dsh, emc, H,  mam, qm (Fig. 2D), sm, spen, and ttk] . Several criteria suggest the absence of recent, detectable selective forces acting on these regions. Within-species diversity () and between-species divergence (K) generally track each other, indicating no change in mutational processes between species. There are also no obvious differences between the nucleotide diversity within the single D. melanogaster population, and diversity across the worldwide sample of D. melanogaster lines, implying that no populationspecific forces are at work. Finally, for these 13 amplicons we see no clear departure from the allele frequency distribution predicted under neutrality as measured by Tajima's D statistic (30) . Positive Selection. A low level of diversity coupled with a frequency spectrum skewed toward an excess of rare variants (i.e., negative Tajima's D) is generally taken as evidence for a selective sweep or positive selection (37, 38) . A selective sweep removes variation around the advantageous mutation, and observed polymorphisms are rare having arisen since the sweep. We identify three amplicons, neur, sca (Fig. 2E) , and sd, showing patterns of diversity and divergence consistent with the action of a weak selective sweep.
The amplicon upstream of the sca gene represents a particularly clear example (Fig. 2E) . In a central 200-bp section of this amplicon there is a marked dip both in the level of nucleotide diversity and in Tajima's D, suggesting that a site within this short region has swept to fixation in D. melanogaster. A similar pattern is observed for the amplicon in an intronic region of the neur gene: reduced and negative D for the second half of the amplicon. In contrast, the entire amplicon upstream of the sd gene shows very low nucleotide polymorphism (just four polymorphisms exist, three of which are singletons), whereas interspecific divergence is normal, suggesting that the entire sequenced region has been impacted by a positive selection event. We estimate that 1.4 kb (5.8%) of the sequenced noncoding DNA in D. melanogaster has been impacted by positive selection, and these regions collectively harbor two common biallelic SNPs (0.5% of the total common SNPs discovered).
Balancing Selection. Balanced polymorphisms are segregating sites maintained in a population at intermediate frequency due to heterozygote advantage, frequency-dependent selection, by selection on alternate alleles in different environments, or by antagonistic pleiotropy. A balanced polymorphism can theoretically be maintained indefinitely and will enhance the level of neutral polymorphism surrounding it, with the size of the affected region dependent on the local recombination rate. Thus, the presence of a balanced polymorphism will generate a high level of diversity compared to divergence, and a greater number of frequent polymorphisms (i.e., positive Tajima's D). Three amplicons, Act88F, dx, and pnt (Fig. 2C) , exhibit patterns suggestive of balancing selection.
The best example is provided by the amplicon in a 5Ј UTR͞ intronic region of the pnt gene (Fig. 2C) , where starting at the transition between 5Ј UTR and intron, and continuing within the intron for Ϸ300 bp, the level of nucleotide diversity is very high, and D is positive. It is of interest that the affected region may represent a previously uncharacterized insertion relative to D. pseudoobscura. The amplicon about the dx gene is around one-third 5Ј UTR, and for about 200 bp upstream of the 5Ј UTR the level of nucleotide diversity is high relative to divergence, and D is positive. Soon after the start of the transcribed region, diversity returns to lower values, and D falls to its neutral expectation of zero.
The amplicon upstream of the Act88F gene also exhibits a pattern consistent with balancing selection for the first Ϸ300 bp. However, this amplicon is also noteworthy for a single sequence from the Napa Valley D. melanogaster population that has a unique haplotype. The presence of this sequence in the D. melanogaster-D.
simulans alignment generates 48 singleton polymorphic sites and substantial insertion͞deletion variation, such that particularly in the central portion of the Act88F amplicon, nucleotide diversity is high, and Tajima's D is negative (see Fig. 4 ). In comparison, analyses based on an alignment lacking the aberrant Act88F sequence show a Tajima's D and nucleotide diversity not inconsistent with neutrality, although the signature of balancing selection at the start of the amplicon remains. Because this unique D. melanogaster haplotype is not similar to the D. simulans sequence, it is unclear whether it represents a single event or the aftermath of a series of (30) . Below each figure is an annotation bar describing the type of sequence surveyed for each amplicon, with the shading as described in Fig. 1. mutational events. Rare, extremely diverged haplotypes perhaps deserve special treatment.
The amount of noncoding DNA sequenced in D. melanogaster that shows a pattern of nucleotide diversity consistent with balancing selection is 0.8 kb (3.4%), and these regions harbor 38 common biallelic SNPs (9.3% of the common SNPs identified in the survey).
Population Structure. Two types of D. melanogaster populationspecific effects are evident from our sequenced amplicons. The first type is when the single population shows lower sequence variation than does the worldwide panel. This observation is indicative of a geographically localized reduction in diversity, possibly via local adaptation. Two of the amplicons show this pattern, the central 300 bp of the intronic region sequenced for the da gene (Fig. 2B) , and the end of the amplicon upstream of the fred gene. The second pattern is the reverse, where there is less variation in the worldwide sample than would be predicted based on variation within the single population. The maintenance of higher variation within a single population than across multiple populations is potentially the result of balancing selection. This pattern is apparent for the 300 bp at the end of the amplicon upstream of the vn gene, and for the 400 bp at the start of the amplicon upstream of the cato gene (Fig. 2 A) . Together the two patterns highlighting population structure within D. melanogaster encompass 1.0 kb (3.9%) of the noncoding sequence and hold 43 (10.5%) of the common biallelic SNPs uncovered in our survey.
Unexpected Patterns. Finally, two 5Ј UTR͞intronic amplicons, within the genes Ser (Fig. 2F) and numb, and a single amplicon downstream of the wg gene, show higher nucleotide polymorphism than expected given the level of sequence divergence between D. melanogaster and D. simulans. However, in no case is this accompanied by a coordinated skew in the polymorphism frequency spectrum. These three amplicons imply that, as we collect larger DNA sequence data sets from a range of sequence types, we are likely to see patterns of polymorphism that neither conform to neutral expectation nor neatly fit with our current ideas about the expected result of selective events.
Discussion
There is considerable interest in developing methods to identify functional domains from primary sequence data. One goal is to detect regions likely to harbor fSNPs that contribute to intraspecific phenotypic variation in complex traits. To identify such regions, we propose employing a series of tests based on population genetics theory, which should complement approaches based purely on deep phylogenetic conservation.
Conservation. Over evolutionary time, separately evolving taxa will accumulate random neutral mutations, and only regions under functional constraint will be conserved. Comparative genome sequencing has proved quite useful for both gene prediction and for identifying conserved noncoding regions (34) , which in some instances have been shown to exhibit regulatory activity (32, 33, 39) . In the present study, 8.6% of the noncoding sequence we surveyed was conserved between the diverged species D. melanogaster and D. pseudoobscura, distributed in short sections across 17 of the 26 amplicons. The 14 common SNPs located within these identified regions are candidate fSNPs.
We have previously demonstrated that regulatory elements within the Enhancer of split locus in D. melanogaster are often conserved in D. pseudoobscura (36) , suggesting that they retain a similar regulatory function in this species. However, a recent analysis of 142 bona fide regulatory elements showed that they were only 4-8% more conserved between D. melanogaster and D. pseudoobscura than were control regions (40) . These results imply that the signal of function in deep pairwise species comparisons may be both weak and heterogeneous across the genome. A further difficulty with relying completely on a conservation approach to functionally annotate a genome and identify fSNPs is that, although sequence conservation may imply function, a lack of conservation does not imply the absence of function. This was elegantly shown by Ludwig et al. (41) for the even-skipped stripe 2 embryonic expression pattern in Drosophila. Here, the expression pattern itself is strongly conserved between the species D. melanogaster and D. pseudoobscura, whereas the regulatory region giving rise to the pattern is very different in sequence between the two species. Thus, true regulatory regions can be missed by using phylogenetic conservation. It is entirely possible that those cis-regulatory elements that contribute to within species variation for complex traits are fast evolving, and as a result are unlikely to be conserved in wide phylogenetic comparisons. The 8.6% of noncoding D. melanogaster DNA tagged by conservation with D. pseudoobscura harbors just 3.4% of the common SNP variation in D. melanogaster. This lack of polymorphism might imply that highly conserved regions are too constrained to tolerate variation, and may actually be less likely to harbor fSNPs contributing to within-species phenotypic variation than less conserved regions identified by other means.
These concerns, coupled with the fact that conservation implies the action of a single form of selection (purifying), suggests that other methods of locating noncoding regulatory domains may be helpful.
Polymorphism and Divergence. The neutral theory of molecular evolution states that, for neutrally evolving DNA, the expected ratio of polymorphism within a species to divergence between species should be constant throughout the genome (42) . This expectation has a large variance, because of both the sampling and the particular genealogy of the tested region, but departures from neutrality can be detected, for instance with the widely applied HKA test (43) .
A few clear cases of candidate regions associated with selective sweeps have been identified in Drosophila, for example the Sdic gene that encodes a subunit of the sperm axoneme (44) , and the cytochrome P450 gene Cyp6g1 associated with DDT resistance (45, 46) . Also, cases of balanced polymorphisms have been shown, such as that centered on the Adh fast͞slow polymorphism in D. melanogaster (23) . However, in these instances, the magnitude of the population genetic signature was greater than those observed in our survey.
In this study, our goal is not to test for rigorous statistical significance, but instead to suggest regions that are likely to harbor fSNPs. We made use of a graphical approach (23) allowing visual inspection of departures from neutrality across each of the 26 amplicons. Six amplicons exhibit patterns indicative of nonneutral evolution, with three suggesting past positive selection (selective sweeps) and three implicating a balanced polymorphism. It is possible that, despite modest power to detect nonneutral events, the magnitude of departure from neutrality based on the ratio of polymorphism to divergence is predictive of the likelihood of a region being regulatory in function. In this regard, we note that within known enhancer regions in the Drosophila locus Enhancer of split, using a test adapted from the McDonald-Kreitman (21) and HKA tests (43) , the ratio of polymorphism to divergence differs significantly between transcription factor binding sites and adjacent nonbinding sites (P ϭ 0.004, ref. 36).
Population Structure. Wright's F statistics (47) seek to partition allelic variation into within individual, within population, and between population components, and the F ST statistic represents the degree of population differentiation. Under neutrality, the same level of population subdivision should be seen across the genome, but local adaptation can result in regional departures from this genome-wide expectation. In Drosophila, regions showing a strong departure can be quite small, from a single site to short regions of a few hundred base pairs. For instance, the Adh fast͞slow polymorphism and ٌ1 insertion͞deletion polymorphism are both functional, and both show much stronger clinal variation across D. melanogaster populations than do neighboring polymorphisms in the same gene (48, 49) .
Typically, F ST is based on allele frequency estimates obtained from several subpopulations each consisting of number of individuals. Such an approach may be of limited use in genome-wide scans for fSNPs, as the economics of sequencing favors generating complete sequence data from a much more limited sample. Here, we use a proxy for standard measures of F ST based on comparing the nucleotide diversity in a single population sample (within-population variance) to that across a set of lines of worldwide distribution (among-population variance). In the context of genome-wide scans, this approach may have greater utility than traditional measures of F ST because it requires characterizing just 24 alleles. Using this approach, regions in four amplicons showed greater or lesser worldwide variation than expected based on the variation in a single population. We hypothesize that such regions are more likely to include fSNPs than regions showing no population subdivision.
Prospects for in Silico Functional Annotation. We surveyed 24.2 kb of noncoding DNA in D. melanogaster, encompassing 408 common SNPs, and identified putative regulatory regions using deep phylogenetic conservation (8.6% of the sequence, 3.4% of common SNPs), the pattern of positive selection (5.8% of sequence, 0.5% of SNPs), the pattern of balancing selection (3.4% of sequence, 9.3% of SNPs), and evidence for population structure (3.9% of sequence, 10.5% of SNPs). It is clear that the different tests identify different regions as potentially harboring fSNPs. This finding suggests that any one method may fail to annotate many functionally important areas, and at present it is premature to rely on a single method (such as deep phylogenetic conservation) at the expense of the others. It is also of note that, although deep conservation and positive selection tag 14.4% of the DNA sequenced, the tagged regions collectively harbor only 3.9% of the common SNPs. In contrast, balancing selection and population structure demarcate a much smaller portion of the sequence (7.3%) but many more SNPs (19.8%). That is, tests based on diversity-reducing forces of selection identify large regions containing few SNPs, whereas diversity-enhancing forces identify smaller regions with higher SNP density.
Collectively, we tag 5.3 kb (21.8%) of the surveyed noncoding DNA as potentially regulatory, and the identified regions harbor 97 of the 408 common biallelic SNPs discovered. Assuming that the subset of SNPs we identify includes the majority of fSNPs, if we adopted an association study approach genotyping only these 97 sites, our genotyping effort would be reduced 4-fold over genotyping all common noncoding SNPs. This value is not inconsistent with the reduction in genotyping effort for the HapMap proposal implied by some studies (7, 10) , although the actual level of reduction possible under the HapMap plan remains unclear. We note that the reduction in genotyping effort we propose assumes coding variants contribute little to phenotypic variation.
The major remaining question is how often each of the annotation methods identifies functional regions that influence complex phenotypes. An obvious reverse approach to answering this question is to assess the ability of the sequence-based methods we propose to identify known regulatory elements. We have previously examined this for the Enhancer of split locus in Drosophila (36) , and as more regulatory elements are identified by using molecular and developmental techniques, the ability of sequence-based methods alone to detect them can be assessed. Several forward approaches are also possible. For highly conserved regions, tests of function have taken two forms, the ability to drive gene expression in promoter-reporter constructs (33, 39) and the ability to bind transcription factors (32) . The population genetic approaches we present likely identify more quickly evolving regions, which may harbor regulatory elements that influence only a subset of tissues and͞or developmental times. Such elements may make important contributions to complex traits, but their functional role may be difficult to confirm with promoter-reporter assays. An alternative approach may be to identify a set of putative regulatory regions using an array of methods, and exhaustively test all polymorphisms in these regions for an association with phenotype. The degree of association at the sites could then be used to assess the rate at which each annotation method falsely classifies a DNA region as harboring an fSNP. Clearly, this experiment lacks finesse, but it has the advantage of directly providing an estimate of the phenotypic effect associated with each SNP identified on the basis of primary sequence data. A model system that is probably most amenable to this test is the classic D. melanogaster bristle number quantitative trait, shown to be under stabilizing selection (50) , and its associated set of candidate genes (24, 51) . Many of the proteins encoded by these genes are members of the Notch signaling pathway, regulate members of this pathway, or are involved in the development of the peripheral nervous system in Drosophila. For our sequencing survey, 23 of 26 amplicons were developed in or near genes involved in these processes (Table 1) . Thus, we have a strong a priori prediction that fSNPs in regions visible to selection at these candidate loci are likely to contribute to natural variation for bristle number. Clearly, SNPs in nonneutrally evolving regions around these genes do not necessarily have to affect bristle number, but mutant alleles associated with these genes regularly have pleiotropic effects on bristle number and patterning (www. flybase.org, ref. 24) . So, although regions of these loci experiencing recent selection are not expected to directly map to those fSNPs contributing to bristle number variation, we do expect the two sets of regions to overlap to some extent.
It is important to understand the ability of different methods of genome annotation to uncover functional regulatory variation to direct future genome sequencing studies. The current model for genome annotation employs a comparative approach, whereby annotation of a focal genome is aided by sequence comparisons to one or a set of diverged species genomes. However, depending on the performance of other annotation methods, it may be extremely valuable to sequence multiple individuals from a single species in addition to single individuals from multiple species. 
